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RESULTS. The temporal patterns of eye-hand coordination prior to reach initiation were comparable among participants with strabismic amblyopia, strabismus only, and visually normal adults. However, the reach acceleration phase of participants with strabismic amblyopia and those with strabismus only were longer following target fixation (saccade-toreach PV interval) than that of visually normal participants (P < 0.05). This effect was evident under all viewing conditions. The saccade-to-reach planning interval and the saccade-to-reach PV interval were not significantly different among participants with amblyopia with different levels of acuity and stereo acuity loss. Participants with strabismic amblyopia and strabismus only initiated secondary reach-related saccades significantly more frequently than visually normal participants. The amplitude and peak velocity of these saccades were significantly greater during amblyopic eye viewing in participants with amblyopia who also had negative stereopsis.
CONCLUSIONS. Adults with strabismic amblyopia and strabismus only showed an altered pattern of temporal eye-hand coordination during the reach acceleration phase, which might affect their ability to modify reach trajectory using early online control. Secondary reach-related saccades may provide a compensatory mechanism with which to facilitate the late online control process in order to ensure relatively good reaching performance during binocular and fellow eye viewing.
Keywords: amblyopia, eye-hand coordination, strabismus E ye-hand coordination is an integral component of many goal-directed activities, including reaching and grasping for objects, using tools, or catching a ball. Research has shown stereotypical eye-hand coordination patterns across various tasks. [1] [2] [3] [4] [5] [6] [7] [8] An important feature of this coupling is that saccades are usually initiated~100 ms prior to the reach, 5, 9, 10 with the eyes fixating on the target at approximately the time of hand peak acceleration and the hand achieving peak velocity at 100 to 200 ms later. 9 It has been hypothesized that this temporal saccade-reach coordination pattern allows for acquisition of important sensory information during the early phase of reaching (i.e., during the acceleration phase), which facilitates online control and error correction during the reach deceleration phase. Indeed, reach trajectories exhibit high variability during the acceleration phase, which is significantly reduced during the deceleration phase. For example, Helson et al. 11 showed that reach trajectory variability is reduced by a factor of 5 between the time of peak acceleration and movement endpoint. Thus, eye movements may play an important role in acquisition of sensory information during the early phase of the reach which can be used to modify the trajectory during the approach phase.
Initiating eye movements prior to reaching offers several important advantages. For example, moving the eyes to fixate on the target provides a high-acuity image which can facilitate extraction of fine details, such as the object's texture. Even in cases when high-acuity resolution of target features is not required, moving the eyes to the target improves endpoint accuracy and precision. 8, 12, 13 On the other hand, asking subjects to point to a previously fixed target results in a constant error due to remapping of target location associated with the eye movement. 14, 15 These studies indicate that information related to the efferent oculomotor command and the visual and extraretinal feedback associated with the eye movement are used by the manual system during reach planning and execution. Thus, optimal temporal eye-hand coordination is important for efficient execution of manual responses.
Amblyopia is a neurodevelopmental disorder that affects spatial and temporal visual processing, as well as higher order perceptual functions, including form and motion perception and attention and decision making. [16] [17] [18] [19] [20] [21] Previous studies have shown a clear distinction between strabismic and anisometropic amblyopia. 18, 22, 23 For example, patients with strabismic amblyopia are more likely to have negative stereopsis and better contrast sensitivity than patients with anisometropia with a similar level of acuity loss in the amblyopic eye. 18 Because vision provides very important input for guiding upper limb movements, our group endeavored to characterize visuomotor behaviors in adults with amblyopia, including the effects of anisometropic amblyopia on the planning and execution of saccadic eye movements, 24 visually-guided reaching, 25 and eye-hand coordination. 26, 27 We also reported the effects of strabismic amblyopia on saccades 28 and reaching. 29 In this study, we investigated eye-hand coordination in adults with strabismic amblyopia by comparing their performance to that of adults with strabismus only, without amblyopia, and to that of visually normal adults.
MATERIALS AND METHODS

Participants
The sample included 16 adults with strabismic amblyopia (9 males at a mean of 32 6 9 years of age), 14 with strabismus only, without amblyopia (7 males at a mean of 30 6 5 years of age), and 16 visually normal adults (9 males at a mean 31 6 9 years of age). All participants underwent complete orthoptic assessment by a certified orthoptist, which included visual acuity testing using the Snellen chart, measurement of eye alignment by using the prism cover test, measurement of refractive errors, and stereoscopic acuity (stereoacuity) testing using the Titmus test. Detailed characteristics for participants with strabismic amblyopia and those with strabismus only can be found in a recent publication 29 
Apparatus
Detailed description of the apparatus and the experimental protocol can be found in our recent paper. 29 Briefly, participants were seated at a table with their heads stabilized by a chin rest. Eye movements were recorded at 200 Hz, using an infrared video-based binocular pupil/iris tracking system (Chronos Vision, Berlin, Germany). Reaching movements were recorded at 200 Hz by using an infrared illumination-based motion capture system (Optotrak Certus 3020; Northern Digital, Waterloo, Ontario, Canada). The coordinate system was defined as an x-axis horizontal plane, a y-axis vertical plane, and a z-axis median plane (depth). Two infrared markers (4-mm diameter) were affixed to the index fingertip and wrist joint of the participant's right (dominant) hand.
The visual stimulus was a white circle (visual angle of 0.258) presented on a black background, generated by a customized Matlab script (MathWorks, Natick, MA, USA) and presented on a 20-inch cathode-ray tube computer screen (Diamond Pro 2070SB; resolution of 1600 3 1200 at 85 Hz) located 42 cm from the subject. Testing was conducted in a dimly lit room.
Participants executed reaching movements under three viewing conditions: both eyes (BE), monocular amblyopic eye (AE), and monocular fellow eye (FE). For control participants and participants with strabismus only, views were was monocular with the dominant and nondominant eyes. Each viewing condition was collected in a block, and the order was randomized among the participants. At the start of each trial, the right hand was placed on the table, and the index finger was placed on the force-sensitive resistor. Participants fixated on a cross presented at midline. After a variable delay (1.5-3 seconds), the target was presented at 1 of 4 eccentricities: 658 or 6108 along the azimuth at eye level. Participants were instructed to look and point to the target as fast and as accurately as possible.
Participants completed 10 trials in each combination of the experimental conditions for a total of 240 trials. The intertrial interval varied among trials, and it was at least 5 seconds. Practice trials were completed prior to starting the experiment in order to familiarize the participants with the experimental procedure.
Data Analysis
Temporal coordination between eye and hand movements was examined in two stages of the reaching movement: the planning stage (i.e., from target onset to reach initiation) and the execution stage (i.e., from reach onset to the end of movement). Figure 1 shows the temporal coordination obtained in a single trial from a participant with strabismic amblyopia, a participant with strabismus only, without amblyopia, and a visually normal participant. Eye-hand coordination during the planning stage was assessed by calculating the saccade-to-reach planning interval, that is, the time interval after the eyes fixated on the target (i.e., at the end of saccade) and the initiation of the reaching response ( Fig. 1,  A [arrow] ). This was calculated on a trial-by-trial basis by subtracting saccade reaction time (latency) and saccade duration from the reach reaction time. It reflects the time that was available for planning of the reaching response after the saccade had been completed and the eyes were in the vicinity of the target.
The planning stage of the reach response was also assessed by examining the frequency of trials when the hand movement was initiated prior to the eye movement. The accuracy and precision of the reaching response were compared between trials when reaching was initiated prior to or after the saccade.
Eye-hand coordination during the reach execution stage was assessed by calculating the saccade-to-reach peak velocity (PV) interval, that is, the time interval between the end of the saccade and reach PV. This was calculated on a trial-by-trial basis by subtracting saccade reaction time and saccade duration from the time the hand reached PV (Fig. 1, B [arrow]). It reflects the duration of time after the eyes fixated on the target during the early part of reach execution. Visual information acquired during this interval, which includes the acceleration phase of the reach, can be used to make compensatory adjustments to the reach trajectory in the later part of the movement. 21 Eye-hand coordination during the reach execution stage was also assessed by examining the frequency of secondary saccades. As in our previous paper, 27 secondary saccades that occurred during the reach and those that occurred >250 ms after the primary saccades were defined as reach-related saccades. We reasoned that these saccades were reach-related and were not secondary ''corrective'' saccades after the primary saccades under-or overshot because secondary corrective saccades typically occur with a latency of 100 to 250 ms. 42, 43 The amplitude, peak velocity, and latency (with respect to the initiation of the reach response) of the reachrelated saccades were calculated. Secondary corrective saccades following primary saccades were reported in our previous paper. 28 
Statistical Analysis
All continuous dependent variables (saccade-to-reach planning interval, saccade-to-reach PV interval, latency, amplitude, and PV of reach-related saccades) were submitted to a repeatedmeasures, mixed ANOVA with group (consisting of three levels: visually normal participants, participants with strabismic amblyopia, and participants with strabismus only) as a between-subjects factor and viewing condition (also three levels: both eyes, monocular fellow eye, and monocular amblyopic eye [i.e., dominant and nondominant eyes for control participants and participants with strabismus only]) as a within-subjects factor.
The frequency of reach-related saccades was compared among groups using Pearson's chi-square statistic. The effect of Viewing Condition was then examined within each group using Pearson's chi-squared statistic.
All statistical analyses were performed using SAS 9.2 software (SAS, Cary, NC, USA). Descriptive statistics were reported as means and corresponding standard deviations. Any main effects and interactions were analyzed further by using Tukey-Kramer post hoc tests to adjust for multiple comparisons. The significance level was set at P value of <0.05. Preliminary analysis showed that visual feedback of target had no significant effect on any outcome measures; therefore, data with or without visual feedback were collapsed for analysis and reporting. Figure 2 shows the cumulative probability distributions of saccade-to-reach planning intervals for visually normal participants, participants with strabismic amblyopia, and participants with strabismus only across viewing conditions. Saccadeto-reach planning interval was not significantly different among the groups (F 2,43 ¼ 1.11, nonsignificant [ns] ) and the interaction between group and viewing condition was also not significant (F 4,86 ¼ 2.11, ns). Control participants initiated reaching at~105 ms after the eyes fixated on the target, regardless of viewing condition (both eyes: 108 6 82 ms; dominant eye: 98 6 74 ms; nondominant eye: 110 6 62 ms). For participants with strabismic amblyopia, the saccade-toreach planning interval was 160 6 94 ms viewing with both eyes, 150 6 92 ms during fellow eye viewing, and 137 6 104 ms during amblyopic eye viewing. Participants with strabismus only also had comparable saccade-to-reach planning intervals across viewing conditions (both eyes: 135 6 86 ms; dominant eye: 126 6 77 ms; nondominant eye: 150 6 115 ms). The saccade-to-reach planning interval is labeled A (arrow), and the saccade-to-reach-peak velocity interval is labeled B (arrow).
RESULTS
Saccade-to-Reach Planning Interval
As illustrated in Figure 2 , saccades were initiated prior to reaching (i.e., positive saccade-to-reach planning interval) in the majority of trials in visually normal participants (98.1%) and participants with strabismic amblyopia (98.6%). Participants with strabismus only had significantly fewer trials where saccades were initiated prior to reaching (96.0%; v 2 (df ¼ 2) ¼ 42.9; P < 0.0001). There were no significant differences among viewing conditions for control participants (both eyes: 98.3%; dominant eye: 97.3%; nondominant eye: 98.7%) or participants with strabismus only (both eyes: 96.2%; dominant eye: 96.4%; nondominant eye: 95.4%). In contrast, participants with amblyopia initiated saccades prior to reaching with slightly reduced frequency when viewing with the amblyopic eye (97.1%) in comparison to viewing with both eyes (99.2%) and fellow eye viewing (98.9%; v 2 (df ¼ 2) ¼ 16.2; P ¼ 0.0003). There were no differences in accuracy or precision of reaching movements between trials when the reach was initiated prior to or following a saccade.
Saccade-to-Reach PV Interval
Cumulative probability distributions of the saccade-to-reach PV intervals for all participants across viewing conditions are plotted in Figure 3a . The cumulative probability distributions for participants with strabismic amblyopia and participants with strabismus only were clustered together and shifted toward an interval that was longer than that in visually normal participants, indicating that they extended the acceleration phase of the reach once the eyes fixated on the target. Statistical analysis confirmed a significant effect of group (F 2,43 ¼ 4.16; P ¼ 0.022). As shown in Figure 3b , saccade-to-reach PV intervals were comparable across viewing conditions in visually normal participants (both eyes: 274 6 98 ms; dominant eye: 278 6 93 ms; nondominant: 294 6 87 ms). Saccade-to-reach PV intervals were longer in participants with strabismic amblyopia (both eyes: 377 6 109 ms; fellow eye: 377 6 115 ms; amblyopic eye: 364 6 141milliseconds) and in participants with strabismus only (both eyes: 358 6 111 ms; dominant eye: 364 6 102 ms; nondominant eye: 390 6 151 ms).
Reach-Related Secondary Saccades
Frequency. The frequency of reach-related saccades was greater in participants with strabismic amblyopia (11.4%) and in participants with strabismus only (15.4%) than in visually normal participants (8.9%; v 2 (df ¼2) ¼ 66.4, P < 0.0001). Visually normal participants executed reach-related saccades less frequently during binocular viewing (6.3%) than during monocular viewing (dominant eye: 8.7%; nondominant eye: 11.9%; v 2 (df ¼2) ¼ 24.8; P < 0.0001). Similarly, participants with amblyopia initiated significantly fewer reach-related saccades when viewing with both eyes (7.5%) than when viewing with the fellow eye (14.0%) and with the amblyopic eye (12.7%; v 2 (df ¼2) ¼ 28.8; P < 0.0001). In contrast, participants with strabismus only had comparable frequency of reach-related saccades across all viewing conditions (both eyes: 14.1%; dominant eye: 15.6%; nondominant eye: 16.2%).
Latency. There were no significant differences between group and viewing condition for the latency of reach-related saccades.
Amplitude of Reach-Related Saccades. The interaction between group and viewing condition was significant for the amplitude of reach-related saccades (F 4,79 ¼ 5.54; P ¼ 0.0006). As illustrated in Figure 4a , for visually normal participants, amplitude was not different among viewing conditions (both eyes: 0.99 6 0.338; dominant eye: 1.09 6 0.448; nondominant eye: 1.07 6 0.438). Similarly, participants with strabismus only had comparable amplitudes when viewing with both eyes (1.08 6 0.448), during dominant eye viewing (1.19 6 0.528) and nondominant eye viewing (1.05 6 0.448). In contrast, post hoc testing revealed that participants with amblyopia had significantly higher reach-related saccade amplitudes during amblyopic eye viewing (1.49 6 0.488) than during viewing with the fellow eye (0.92 6 0.288) or with both eyes (0.97 6 0.368).
Peak Velocity of Reach-Related Saccades. The interaction between group and viewing condition was also significant for the PV of reach-related saccades (F 4,79 ¼ 4.99; P ¼ 0.001) (Fig. 4b) 
Effects of Reduced Acuity and Stereoacuity in Participants With Amblyopia
The saccade-to-reach planning interval and the saccade-toreach PV interval were not significantly different between participants with amblyopia with different levels of loss of acuity and stereoacuity (Table) . The only significant difference among participants with amblyopia was found for the amplitude (F 4,23 ¼ 17.83; P < 0.0001) and PV (F 4,23 ¼ 7.50; P < 0.001) of reach-related saccades. Post hoc tests showed that participants with negative stereopsis had greater saccadic amplitude and PV when viewing with the amblyopic eye than when viewing with both eyes and with fellow eye viewing (Table) .
DISCUSSION
Our major findings are (1) participants with strabismic amblyopia, strabismus only, and visually normal participants FIGURE 3. (a) Cumulative probability distributions for saccade-to-reach-peak velocity interval across viewing conditions illustrating the temporal relationship between the eye and hand movements during the execution stage of the reaching movement. Each curve represents mean data from one viewing condition (both eyes: black; fellow [dominant] eye: green; amblyopic [nondominant] eye: red) for visually normal participants (solid lines), participants with strabismic amblyopia (dashed lines) and participants with strabismus only (dotted lines). The cumulative probability distributions for participants with abnormal binocular vision were shifted toward intervals that were longer than those for control participants. (b) The mean saccade-to-reach peak velocity interval across viewing conditions. The interval was significantly longer in participants with abnormal binocular vision, regardless of viewing condition (P ¼ 0.022). Error bars: 61 SE.
had a comparable temporal pattern of eye-hand coordination prior to reach initiation; (2) participants with strabismic amblyopia and strabismus only extended the reach acceleration phase after the end of saccades, and they also initiated reach-related saccades with greater frequency than control participants did; (3) only participants with amblyopia and negative stereopsis exhibited differences in the kinematics of reach-related saccades. Specifically, the amplitude and PV were higher during amblyopic eye viewing than during other viewing conditions.
Our findings indicate that the peripheral information about target location is normal in patients with strabismic amblyopia because these patients did not extend their planning time after fixating on the target, independent of their acuity or stereoacuity deficits. This finding is in contrast with our previous findings in patients with anisometropic amblyopia, in which those with severely reduced acuity (<20/200) and negative stereoacuity spent longer in the planning interval after fixating on the target prior to reaching initiation. 27 These results can be explained by considering the mechanism of strabismic and anisometropic amblyopia. In the case of strabismic amblyopia, there is a stronger suppression of the central visual field, presumably to avoid diplopia, whereas suppression in the periphery is weaker or absent. [30] [31] [32] In contrast, in anisometropic amblyopia, suppression is uniform across the entire visual field. Our study extends previous findings that examined the effect of amblyopia on spatial perception 23, 30, [33] [34] [35] [36] [37] [38] [39] [40] by showing that the temporal pattern of eye-hand coordination during reach planning (i.e., prior to reach initiation) toward peripheral targets is not altered in patients with strabismic amblyopia, which differs from patients with anisometropic amblyopia.
In contrast to the planning interval, all patients with abnormal binocular vision (those with strabismic amblyopia and those with strabismus only) had a prolonged saccade-toreach PV interval compared to visually normal participants, regardless of the extent of the acuity or stereoacuity deficit. These findings are consistent with our previous results in patients with anisometropic amblyopia, who also spent a similar duration in the acceleration phase after fixating the target, regardless of viewing condition. 27 Our results can be considered in the context of the three error correction processes described by Elliott et al. 41 to optimize the accuracy and precision of reaching movements, as follows: (1) fast, in which automatic online corrections are implemented early in the movement trajectory (i.e., during the reach acceleration phase); (2) slow, when online corrections are implemented late in the movement trajectory (i.e., during the reach deceleration phase); and (3) offline corrections, in which feedback at the end of the movement is used to program the next movement. Kinematics of reach-related secondary saccades across viewing conditions. The amplitude (a) and peak velocity (b) of reachrelated secondary saccades in participants with strabismic amblyopia were significantly higher during amblyopic eye viewing than those in visually normal participants and participants with strabismus only (P < 0.05). The ability to implement fast, automatic online corrections during reaching requires an internal model, 42, 43 by which the central nervous system compares the intended motor command with the actual motor command (i.e., efference), as well as the expected sensory feedback (for a given motor command) with the actual sensory feedback. 44 When there is a mismatch between the expected and actual efference and/or sensory feedback, the movement trajectory will be amended quickly without conscious awareness (i.e., implicit error correction). 45, 46 The effectiveness of this error correction process depends on a precisely calibrated internal model. Our results show that participants with abnormal binocular vision extend the acceleration phase after target fixation, indicating that patients' ability to correct trajectory errors using the early online correction process may be disrupted.
Reach trajectory can be also modified via the slow online error correction process during the reach deceleration phase. 41, 47 Our study shows that participants with strabismic amblyopia and strabismus only initiated reach-related saccades more frequently than visually normal subjects, similar to participants with anisometropic amblyopia. 27 Because patients' early online control process is disrupted, these reachrelated saccades are initiated during the reach acceleration phase to acquire sensory information which could then be used to modify the reach trajectory during the deceleration phase, allowing patients to achieve relatively good reach performance. This is supported by our previous findings which showed that reach accuracy and precision were comparable in people with strabismic amblyopia, strabismus only, and visually normal subjects during binocular and fellow eye viewing. 29 In contrast, both reach accuracy and precision were reduced during amblyopic eye viewing in participants with negative stereopsis. 29 It is possible that the increased reaching errors may be related to a reduced ability to use the late online control process mediated via reach-related saccades. Specifically, the amplitude and PV of reach-related saccades were higher during amblyopic eye viewing in participants with amblyopia and negative stereopsis, indicating that the retinal error signal used to initiate these eye movements is less reliable (i.e., a larger retinal error signal is necessary to initiate these reach-related saccades). This disruption in initiating reachrelated saccades may contribute to reduced reach accuracy and precision. 29 Results from the current study help to elucidate a potential mechanism involved during the slow online error correction process, information acquired via reach-related secondary saccades is used to modify reach trajectory, but this process is limited by the quality of visual input, that is, the sensory uncertainty associated with that input.
The current study concludes our detailed characterization of visuomotor behavior during reaching in adults with strabismic amblyopia and complements our previous work conducted in adults with anisometropic amblyopia. This body of work reveals how the visuomotor system adapts to disrupted visual input due to the presence of blur (anisometropia) or ocular misalignment (strabismus) during development. The most important finding is that regardless of the cause of amblyopia, patients adopt similar reaching strategies, which is evident under all viewing conditions, suggesting that the normal development of reaching is disrupted when highgrade binocular vision is not available during the developmental period. By including patients with strabismus only as another control group, we were able to show that binocularity, rather than visual acuity, is the most important factor contributing to the development of optimal eye-hand coordination.
We cannot draw a direct link between our study and the functional impact on everyday activities. However, several researchers have investigated the functional significance of binocular vision by using complex visuomotor tasks and clinical test batteries [48] [49] [50] [51] (for a comprehensive review please see the study by Grant and Moseley 52 ) and found that some people with abnormal binocular vision have significant deficits in the performance of fine motor skills. Our studies elucidate the processes (i.e., planning or execution) that are likely disrupted during performance of these complex motor tasks that may help to develop targeted visuomotor therapies or training for people with amblyopia.
